Abstract: Mungbean (Vigna radiata (L.) Wilczek) in Australia has been transformed from a niche opportunistic crop into a major summer cropping option for dryland growers in the summer-dominant rainfall regions of Queensland and New South Wales. This transformation followed stepwise genetic improvements in both grain yields and disease resistance. For example, more recent cultivars such as 'Crystal', 'Satin II', and 'Jade-AU' have provided up to a 20% yield advantage over initial introductions. Improved agronomic management to enable mechanised management and cultivation in narrow (<50 cm) rows has further promised to increase yields. Nevertheless, average yields achieved by growers for their mungbean crops remain less than 1 t/ha, and are much more variable than other broad acre crops. Further increases in yield and crop resilience in mungbean are vital. In this review, opportunities to improve mungbean productivity have been analysed at four key levels including phenology, leaf area development, dry matter accumulation, and its partitioning into grain yield. Improving the prediction of phenology in mungbean may provide further scope for genetic improvements that better match crop duration to the characteristics of target environments. There is also scope to improve grain yields by increasing dry matter production through the development of more efficient leaf canopies. This may introduce additional production risks as dry matter production depends on the amount of available water, which varies considerably within and across growing regions in Australia. Improving crop yields by exploiting G × E × M interactions related to cultivar photo-thermal sensitivities and make better use of available water in these variable environments is likely to be a less risky strategy. Improved characterisation of growing environments using modelling approaches could also better define and identify the risks of major abiotic constraints. This would assist in optimising breeding and management strategies to increase grain yield and crop resilience in mungbean for the benefit of growers and the industry.
Introduction
Mungbean (Vigna radiata (L.) Wilczek) is a warm season pulse legume. It is currently cultivated on about six million hectares worldwide, most of which are located in Asia [1] . As a legume, the crop fixes most of its own nitrogen requirement [2] and contributes significantly to improving the sustainability of farming systems [3] . Mungbean also provides an important source of dietary protein for millions of people living in South and South East Asia, many of whom are also vegetarians [4] . Mungbean seeds contains about~24% easily digestible protein, is rich in fibre, antioxidants, and phytonutrients, and are consumed whole or split, ground into flour, or used as sprouts [5] . The nutritional composition of the grain makes mungbean an excellent component in a balanced diet with cereals. The growing awareness nutritional composition of the grain makes mungbean an excellent component in a balanced diet with cereals. The growing awareness of nutritional benefits has contributed to increasing demand for this crop in recent years. However, due to the low global average yield of 0.4 t/ha, production is failing to keep up with demand with resultant high prices. Increasing the production area of mungbeans to meet this demand is becoming increasingly difficult due to the preference being given to the production of high yielding cereals by small holder farmers [6] . The demand-supply gap for mungbean has created a huge opportunity for other countries, including Australia, to increase the production of this crop to fill export demand, while deriving substantial sustainability benefits to local farming systems.
In Australia, mungbean cultivation began in the 1930s primarily for forage use and as a green manure crop to improve soil fertility in cereal-based farming systems. The crop underwent substantial transformation from 1971 onward when growers started recognising the potential of mungbean as a commercial broad acre grain crop. This transformation gained momentum with the release of locally adapted cultivars such as 'Emerald' and 'White Gold'. Nevertheless, as a grain crop, mungbean was initially considered a low yielding, high risk crop in Australia [7] . This limited its expansion into new areas [8] . However, the cautious attitude of Australian growers towards mungbean began to change with the release of the cultivar 'Crystal' in 2008 and its 20% yield advantage compared to introduced cultivars such as 'Emerald' and 'White Gold'. In addition, there was an increasing grower recognition of a number of other benefits the crop provided to farming systems. These include a double crop opportunity after a winter crop, control of summer weeds and in enabling shifts from a summer crop cycle to a winter crop cycle. These developments made mungbean the most widely grown summer pulse crop in the summer dominant rainfall regions of Queensland and northern New South Wales.
Mungbean now provides the significant dual benefits to Australian farmers of sustainability and profitability. Coupled with widening market opportunities in Asia, and the availability of new cultivars with a higher yield potential, mungbean production in Australia set a new record of 45,000 MT within a few years after the release of 'Crystal'. With clear indications of the crop's economic potential, the mungbean industry, led by the Australian Mungbean Association (www.mungbean.org.au), set an ambitious annual production target of 100,000 MT. In 2016, mungbean production reached 130,000 MT ( Figure 1 ). Continued breeding innovations, increasing grower confidence and expanding market potential resulted in increasing the production target for industry increasing to 170,000 MT in the same year.
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Yield, area, and production of mungbean in Australia (source: agriculture.gov.au/abares/research-topics/agricultural-commodities). Notwithstanding a several-fold increase in mungbean production, the average yield of mungbean on Australian farms is still less than one t/ha, despite the yield potential for mungbean being around three t/ha [9] . Similar yields have also been harvested in Sri Lanka [10] . Even in trials conducted under relatively well-managed conditions, yield is low. For example, in experiments conducted by breeders from 2012 to 2017, yields averaged only 1.13 t/ha compared to 1.90 t/ha potential yields as simulated by the Agricultural Production Systems Simulator (APSIM) model for the same period, representing a yield gap of 40%. This yield gap is likely not due to the lack of available water, but instead attributable to biotic factors such as insect pests, diseases as well as harvest losses including shattering. Low yields could make the crop less competitive compared to other broad acre option when mungbean market prices are low.
The preferred avenue of achieving further improvements in mungbean production in Australia should be by increasing average yield. The current focus of mungbean breeding is mainly to enhance yield and resistance of the crop to major diseases such powdery mildew, halo blight, and tan spot [11] . Resiliencies to drought and heat stresses, which are also major contributors to variable yield of mungbean [12] , are being indirectly enhanced through multi-location testing in conjunction with advanced statistical approaches. To accomplish increases in average yield in the face of drought and heat stress, however, focussed efforts based on an improved understanding of the agronomy and physiology of this crop are required.
Here we review some of the past work on mungbean physiology and agronomy including possible opportunities to increase yield in new mungbean cultivars and close the yield gap in different production environments. We also propose a few new areas of research that could potentially assist in developing new high yielding cultivars based on an improved physiological understanding of the crop. We also discuss how the application of a mungbean simulation model could assist in better characterising the frequencies of major abiotic constraints, understand the basis of genotype × environment (G × E) interactions and determine the value of useful traits.
Mungbean Evolution and Diversity
Mungbean belongs to the subgenus Ceratotropis in the legume genus Vigna, the tribe Phaseoleae, and the family Fabaceae. The crop has a diploid chromosome number of 2n = 2x = 22. It likely originated in India [13] . Vavilov (1951) suggested the primary genetic centre of diversity for mungbean was the central Asian region, with India as the probable centre of domestication [14] . Lukoki, et al. [15] proposed that V. radiata var. sublobata (Roxb.) Verde that occurs in the wild in India and crosses readily with V. radiata, is the wild progenitor of mungbean.
The mungbean crop in Australia consists of two main crop types, one with green seeds called green gram (Vigna radiata Wilczek) and another with black grains called black gram (Vigna mungo Hepper). Both species are cross compatible to a limited extent [16] . In this review, the primary emphasis is on green gram, which is the dominant type of mungbean grown in Australia. Black gram mungbean is only a minor crop in Australia. Current cultivars of green gram mungbean are short-statured with short growing duration of generally less than 100 days.
Yimram, et al. [17] evaluated 9 qualitative and 21 quantitative traits in 340 diverse cultivated mungbean collections at AVRDC-the World Vegetable Centre, Taiwan, to assess the extent and pattern of their diversity in yield-related characteristics. The germplasm they compared displayed a wide range of diversity for most traits evaluated. They found high genetic variability, moderate to high broad sense heritabilities in yield components including 100-seed weight, seed weight per plant, and the number of pods per plant. Traits such as plant height and days to flowering and maturity also showed high genetic variability and broad sense heritabilities, while genetic advance was greatest for plant height, but relatively low for days to flowering and maturity. A significant limitation to yields in mungbean is often ascribed to a narrow genetic base for released cultivars [18] . Since Indian germplasm has been frequently used in mungbean breeding programs in the past, it should be diversified further by using germplasm from other regions, including West Asia [17] . Mungbean in its native environments in Asia is primarily a subsistence crop. The short season nature and indeterminate flowering habit of older cultivars are advantageous in subsistence cropping systems, but not desired traits for high yield potential in commercial scale production. High and stable yields are major objectives for the mechanised production system in Australia, and hence traits that contribute to these objectives need to be improved. How to best exploit genetic variability available in green mungbean to develop higher yielding cultivars remains a matter of considerable interest among mungbean scientists [19, 20] . Major targets for mungbean improvement include a stable potential yield of >2 t/ha, a maturity duration of around 60 to 75 days and synchronous maturity for ease in harvesting [21] . Other desirable features include seed size (50 to 60 g for 1,000 seeds instead of the 25 to 30 g for 1,000 seeds produced by traditional types), resistance to significant biotic stresses, a compact canopy, high harvest index (HI), photoperiod insensitivity, and increased determinacy.
In Australia, over 90% of mungbean production is from newly developed cultivars such as 'Crystal', 'Satin I', and 'Jade-AU' bred using conventional breeding approaches. These cultivars already incorporate some of the features mentioned previously. While likely possessing sufficient yield potential, they remain highly variable resulting in low average yields. To develop new cultivars with improved yields and stability especially against diseases, locally-adapted lines are being enhanced with genes sourced from introduced diversified germplasm [11] . However, the blueprint for achieving higher yields in the mungbean crop is still not entirely clear.
Mungbean yield improvement achieved using conventional breeding approaches, as in the past, could still deliver yield increases, but broadening of improvement efforts to also include an ideotype approach is also required to make desired gains in yield and stability [22] . A small genome size (~600 Mb) and short-duration make mungbean highly suitable for yield improvement using other approaches. Learnings from other legumes may also be useful in targeting yield improvements in mungbean. Kang, et al. [23] -in providing the first draft genome sequence for mungbean-found that most of genes in genomic regions were in synteny with soybean.
However, it is critical to identify and understand physiological limitations to yield in mungbean before identifying opportunities or solutions to overcome them. To do this, we have considered mungbean crop growth and its development in a physiological framework and assessed the potential to increase the efficiency of each component of this framework in enhancing its potential contribution to grain yield in mungbean.
Physiological Framework of Yield in Mungbean
Crop Establishment and Development
Establishing an optimum plant stand of about 30 plants/m 2 is an essential requirement to obtain high yields in mungbean [24] . Poor establishment, in part due to poor germination, is often a major reason for poor yields in marginal environments [25] . Germination in mungbean is epigeal and cotyledons have to emerge out of the ground to support seedling growth. This type of germination could limit crop establishment in soils with low moisture and high strength [26] such as high-clay and rapidly-crusting soils especially under high temperatures. However, in quick drying and crusting red-earth soils of Katherine in northern Australia, mungbean was found to establish better than soybean and cowpea even at 8 cm depth despite having similar germination characteristics [27] . While seedling vigour could play a role in emergence in crusting soils, this was found to have no relationship with the final yield in mungbean [28] . In self-cracking clay soils, mungbean establishment is generally not an issue [29] . In such soils, ultimate crop performance instead reflects the suitability of growing conditions following crop establishment.
Once established, yield formation in mungbean depends on the crop's ability to produce and partition dry matter into grain yield (Figure 2 ). This follows a series of development stages in the plant. During these stages, the plant develops a leaf canopy, intercepts incident solar radiation, converts the absorbed radiation into assimilates, and partitions these assimilates into various plant components, including roots, pods, and seeds. Water and nutrients needed by plants can limit these processes if plant demand exceeds available supply. The transition from one developmental stage to another occurs in response to temperature and photoperiod, which also sets the potential dry matter production and partitioning into different components including grain yield. Manipulation of the efficiencies of these processes, as well as the duration they last, to match the environmental resources offers an opportunity for improving grain yield. The potential to manipulate some of these processes, however, seems greater than others (Figure 2 ). production and partitioning into different components including grain yield. Manipulation of the efficiencies of these processes, as well as the duration they last, to match the environmental resources offers an opportunity for improving grain yield. The potential to manipulate some of these processes, however, seems greater than others ( Figure 2 ).
Figure 2.
A physiological framework for grain yield in mungbean and the potential for genetic/agronomic manipulation of photo-thermal sensitivity (°C d), light extinction coefficient (k), radiation use efficiency (RUE), and harvest index (HI) is compared through the number of asterisks.
Crop Phenology
The time taken by mungbean plants from sowing to maturity is an essential determinant of yield as it enables plants to match developmental processes with the growing environment, as well as set yield potential. It also helps determine the crop's fit into different cropping system windows and the timing of various field operations including harvesting. Crop duration changes in response to varying weather conditions from place to place and in different sowings and seasons. Therefore, being able to predict crop duration is important in understanding and potentially addressing the causes of yield variability in mungbean.
A basic understanding of major factors that determine crop duration in mungbean has been outlined by a range of authors [30, 31] . Cultivated mungbean is a quantitative short day plant and the rate of progress toward flowering can be described using a series of linear models incorporating temperature and photoperiod effects [30, 32] . However, a more flexible approach to predict crop duration, such as used in the APSIM model, is to consider phenology as consisting of different stages of development [33] . The different growth stages prior to flowering include sowing to emergence (SE), emergence to the end of the basic vegetative phase (BVP), a photoperiod-induced phase (PIP) which ends at floral initiation, and a floral development phase (FDP) which ends at 50% flowering ( Figure 3 ). The transition from emergence to BVP and from PIP to FDP occurs independently of photoperiod in mungbean and hence is not affected by time of sowing even in photoperiod-sensitive cultivars. Photoperiod influences only at PIP. This contrasts the approach of [30] that used mean photoperiod for the entire pre-flowering period to determine flowering time. In the APSIM mungbean model, transitioning through three stages of development including SE, BVP, and FDP has been modelled as a function of temperature (thermal time target, °Cd); and during PIP as a function of temperature and photoperiod (t and p). The thermal time targets for different stages are derived through optimisation and field data from multiple sowing times and environments. The thermal time addition for mungbean depends on three cardinal temperatures: base (7.5 °C), optimum (30 °C), and maximum (40 °C). 
A basic understanding of major factors that determine crop duration in mungbean has been outlined by a range of authors [30, 31] . Cultivated mungbean is a quantitative short day plant and the rate of progress toward flowering can be described using a series of linear models incorporating temperature and photoperiod effects [30, 32] . However, a more flexible approach to predict crop duration, such as used in the APSIM model, is to consider phenology as consisting of different stages of development [33] . The different growth stages prior to flowering include sowing to emergence (SE), emergence to the end of the basic vegetative phase (BVP), a photoperiod-induced phase (PIP) which ends at floral initiation, and a floral development phase (FDP) which ends at 50% flowering ( Figure 3 ). The transition from emergence to BVP and from PIP to FDP occurs independently of photoperiod in mungbean and hence is not affected by time of sowing even in photoperiod-sensitive cultivars. Photoperiod influences only at PIP. This contrasts the approach of [30] that used mean photoperiod for the entire pre-flowering period to determine flowering time. In the APSIM mungbean model, transitioning through three stages of development including SE, BVP, and FDP has been modelled as a function of temperature (thermal time target, • C d); and during PIP as a function of temperature and photoperiod (t and p). The thermal time targets for different stages are derived through optimisation There is no evidence of vernalisation requirement in mungbean, which can also affect phenology [31, 34] . The phenology routines of the APSIM model calculate each day's thermal time (in degreedays) from three-hourly air temperatures interpolated from the daily maximum and minimum temperatures in the cardinal temperature range. In short-day plants, the duration of the PIP phase increases as photoperiod increases above the critical photoperiod (Pc). PIP is short if it is completed before photoperiod is >Pc. PIP increases with photoperiod above a base photoperiod Pb. For individual cultivars, the duration of PIP is dependent on daily photoperiod and photoperiod sensitivity (Ps, °Cd/h).
In quantitative short-day cultivars, there is no further delay in floral initiation when photoperiod exceeds Pc. If PIP occurs during or after Pc is reached, it results in a more extended PIP phase. In contrast, in qualitative short-day cultivars, floral initiation does not occur when photoperiod is above Pc, and the plant initiates only when photoperiod falls below Pc. If photoperiod is >Pc before PIP is completed, floral initiation is delayed until photoperiod is <Pc again.
Pc vary between 11.5 and 12.5 h among different cultivars and tends to increase with temperature [35] . The commercial mungbean cultivars grown in Australia do not respond to photoperiod during PIP [36] as probably their Pc is higher than those reported by Imrie and Lawn [35] . Photoperiod sensitivity, however, is widespread in mungbean with over 50% of the 1273 green mungbean tested in Taiwan found to be photoperiod-sensitive in the 12 to 16 h photoperiod range [7] .
In the phenology model for mungbean embedded in the APSIM model as described by [33] , daily thermal time (t) is accumulated during each stage of development until a threshold is reached and then the development progresses to the next stage [31] . The thermal time for BVP (v) for each cultivar and is uninfluenced by photoperiod. Thermal time requirements for BVP and FDP are derived in the model through optimisation for each cultivar. However, the thermal time required to complete PIP (i) is recalculated for each day during this phase as a function of daily photoperiod (p), photoperiod sensitivity of the cultivar (ps expressed in units of °Cd/h) and the optimal photoperiod (pb). The following equations express the relationships
where, for photoperiod ≤ pb, p = pb and i = 0, and for photoperiod > critical photoperiod (pc), p = pc, the progress r through PIP can be calculated as
PIP ends when r is ≥1. If PIP is completed and p < pc, then thermal time from emergence to flowering is calculated as There is no evidence of vernalisation requirement in mungbean, which can also affect phenology [31, 34] . The phenology routines of the APSIM model calculate each day's thermal time (in degree-days) from three-hourly air temperatures interpolated from the daily maximum and minimum temperatures in the cardinal temperature range. In short-day plants, the duration of the PIP phase increases as photoperiod increases above the critical photoperiod (P c ). PIP is short if it is completed before photoperiod is >P c . PIP increases with photoperiod above a base photoperiod P b . For individual cultivars, the duration of PIP is dependent on daily photoperiod and photoperiod sensitivity (P s ,
In quantitative short-day cultivars, there is no further delay in floral initiation when photoperiod exceeds P c . If PIP occurs during or after P c is reached, it results in a more extended PIP phase. In contrast, in qualitative short-day cultivars, floral initiation does not occur when photoperiod is above P c , and the plant initiates only when photoperiod falls below P c . If photoperiod is >P c before PIP is completed, floral initiation is delayed until photoperiod is <P c again.
P c vary between 11.5 and 12.5 h among different cultivars and tends to increase with temperature [35] . The commercial mungbean cultivars grown in Australia do not respond to photoperiod during PIP [36] as probably their P c is higher than those reported by Imrie and Lawn [35] . Photoperiod sensitivity, however, is widespread in mungbean with over 50% of the 1273 green mungbean tested in Taiwan found to be photoperiod-sensitive in the 12 to 16 h photoperiod range [7] .
In the phenology model for mungbean embedded in the APSIM model as described by [33] , daily thermal time (t) is accumulated during each stage of development until a threshold is reached and then the development progresses to the next stage [31] . The thermal time for BVP (v) for each cultivar and is uninfluenced by photoperiod. Thermal time requirements for BVP and FDP are derived in the model through optimisation for each cultivar. However, the thermal time required to complete PIP (i) is recalculated for each day during this phase as a function of daily photoperiod (p), photoperiod sensitivity of the cultivar (p s expressed in units of • C d/h) and the optimal photoperiod (p b ). The following equations express the relationships
where, for photoperiod ≤ p b , p = p b and i = 0, and for photoperiod > critical photoperiod (p c ), p = p c , the progress r through PIP can be calculated as
PIP ends when r is ≥1. If PIP is completed and p < p c, then thermal time from emergence to flowering is calculated as
where d = is the thermal time required to complete FDP, If photoperiod at the calculated completion of PIP is > p c , then
where id represents the thermal time delay in completing of PIP until photoperiod is ≤p c . The thermal time requirement from the end of vegetative phase to the end of PIP, modulated by photoperiod, assists in defining quantitative short day responses in mungbean. Following flowering, the mungbean plant goes through a lag phase before commencing a linear phase of grain filling, followed by a period between the end of grain filling and physiological maturity and a harvest-ripe period before grain harvest ( Figure 3 ). The transition of plants through these stages is also based on thermal time targets.
The APSIM phenology model is simple compared to more complex rate-based models [30, 35] . However, the prediction of flowering and maturity times using the phenology model embedded in the APSIM model was found to be reasonably accurate [10, 37] . In Chauhan and Rachaputi [37] , the mungbean cultivar 'Crystal' required a total of 1200 • C d from sowing to maturity and this was similar to the older cultivar 'Emerald' already parametrised in APSIM.
There is a need to consider photoperiod effects not only in terms of their influence on flowering, but also their direct effects on yield which sometimes become evident even when there are no visible effects on flowering time [38] . These effects on yield could result through flowering synchrony, which in turn could affect dry matter partitioning as documented for common beans [39] . It is clear that a better understanding of the effects of photoperiod in driving dry matter partitioning of mungbean is required to improve yield in this crop.
A change in the basic vegetative phase and photoperiod sensitivity of the crop could easily change crop duration. However, the benefit of any increase or decrease in crop duration on grain yield would depend on the type of growing environment. In high frequency terminal stress environments, a decrease in crop duration will be appropriate, with the opposite true in environments with lesser frequency of terminal drought. As such environments are unpredictable, the crop's ability to adjust its phenology to better adapt to the environment will also be important. Improving phenotypic plasticity in mungbean phenology responses to the environment could provide another suitable breeding target to increase grain yields and crop resilience in mungbean.
Leaf Area Development
Mungbean leaves are broad, have a tri-foliate structure and overlapping horizontal orientation that tends to limit light distribution into the canopy. Mungbeans with narrower leaflets would allow better light distribution within the canopy. Indeed, a mungbean cultivar with narrower leaves and higher light interception was found to have a higher yield potential compared to a mungbean with broader leaves [40] .
The formation of the leaf canopy to intercept solar radiation depends not only on the leaf size but also on the rate of leaf formation and senescence. The leaf appearance rate depends upon temperature. Leaf senescence rate depends on the remobilisation of assimilates by developing pods as well as temperature. Thus, higher temperatures within the cardinal range early in the life of a plant can result in quicker canopy development, but similar conditions following canopy development can enhance senescence, especially under conditions where soil moisture is limited. Genetic variation in leaf appearance rates and leaf senescence could be useful traits to investigate further to maintain leaf area and support dry matter accumulation and grain filling. Mungbean was reported to attain a leaf area index (LAI) of up to 6 by the 50th day after sowing, or shortly after flowering, producing a grain yield of 2.5 t/ha from 35 plants/m 2 in an Australian sub-tropical environment [41] . In the same environment, a LAI of 9 was attained by day 60 for a soybean crop that produced 4 t/ha. A LAI of 6.5 was achieved on the 40th day after sowing for a cowpea crop that produced 2.9 t/ha. The critical leaf area index was 3 to 4 [42] which can enable a crop to intercept over 90% of the incidence radiation during pod filling.
Planting at narrow rows of 0.5 m can accelerate closer canopy development and achieve greater light interception when compared to wider rows of 1 m [24] . However, grain yields in mungbean appears generally not to be limited by leaf area development in Australia [43] . In such environments, the benefits that research has identified from the use of narrow rows in mungbean could be for other reasons, such as reducing soil moisture losses from evaporation. A study from Taiwan, however, reported inadequate leaf area development as the primary limitation to yield in mungbean [44] . Such limitations could arise in marginal environments, such as after a rice crop with limited moisture availability and soil compaction issues. Drought may also affect leaf expansion and appearance rates [45] . However, it is uncertain whether genetic variation exists for these traits in and among specific environments.
Muchow, Robertson, and Pengelly [41] found that there was a smaller reduction in LAI during the pod fill stage in mungbean compared to cowpea and particularly soybean grown in the same environment. A more modest decrease in LAI of mungbean by maturity often necessitates its forced senescence through desiccation before crop harvest.
All the currently grown mungbean cultivars in Australia including 'Crystal', 'Celera', 'Satin-II', and 'Jade-AU' are morphologically determinate in that the apex of the main stem or a branch always differentiates (developed) into a flower bud (Figure 4 ). Determinacy essentially restricts the further growth of the main stem. In adverse growing conditions, as well as during recovery from stress, this trait can constrain canopy development-especially when mungbeans are grown in wider (~1 m) rows. The inability to occupy available space limits the ability of determinate mungbean cultivars to accumulate more biomass under favourable growing conditions compared to indeterminate (black gram) cultivars [34] . The comparative advantage of determinate and indeterminate growth habits for different growing situations can be simulated in the APSIM model by changing allocation of dry matter to seed [46] . This can assist in determining the relative value of determinacy in different cropping systems and environments. Planting at narrow rows of 0.5 m can accelerate closer canopy development and achieve greater light interception when compared to wider rows of 1 m [24] . However, grain yields in mungbean appears generally not to be limited by leaf area development in Australia [43] . In such environments, the benefits that research has identified from the use of narrow rows in mungbean could be for other reasons, such as reducing soil moisture losses from evaporation. A study from Taiwan, however, reported inadequate leaf area development as the primary limitation to yield in mungbean [44] . Such limitations could arise in marginal environments, such as after a rice crop with limited moisture availability and soil compaction issues. Drought may also affect leaf expansion and appearance rates [45] . However, it is uncertain whether genetic variation exists for these traits in and among specific environments.
All the currently grown mungbean cultivars in Australia including 'Crystal', 'Celera', 'Satin-II', and 'Jade-AU' are morphologically determinate in that the apex of the main stem or a branch always differentiates (developed) into a flower bud (Figure 4) . Determinacy essentially restricts the further growth of the main stem. In adverse growing conditions, as well as during recovery from stress, this trait can constrain canopy development-especially when mungbeans are grown in wider (~1 m) rows. The inability to occupy available space limits the ability of determinate mungbean cultivars to accumulate more biomass under favourable growing conditions compared to indeterminate (black gram) cultivars [34] . The comparative advantage of determinate and indeterminate growth habits for different growing situations can be simulated in the APSIM model by changing allocation of dry matter to seed [46] . This can assist in determining the relative value of determinacy in different cropping systems and environments. 
Biomass Accumulation
Biomass (dry matter) is the most important yield determinant of current mungbean cultivars with over 90% of the total variation in yield being accounted by this trait [24] . Biomass accumulation is a function of LAI, light extinction coefficient, the duration of light interception, and radiation use efficiency (RUE). Increasing plant density (plants/m 2 ) increases in leaf area and hence crop biomass. However, too great a leaf area may prove disadvantageous during later stages of crop growth as it could lead to water deficit. Hence, the concept of an optimum plant population arises [47] .
Another opportunity to increase biomass is to improve light distribution within the canopy. The light extinction coefficients used in the APSIM model for mungbean vary between 0.30 and 0.58 for 100 to 20 cm row spacing respectively [9, 31] . The light extinction coefficient for the mungbean cultivar 'Crystal' may exceed these figures since its yield advantages over previous mungbean cultivars appears due to more vigorous growth. This was highlighted by an under prediction of dry matter for a 'Crystal' crop ( Figure 5 ) when using the original extinction coefficients derived from older cultivars parametrised in the APSIM model. Prediction of dry matter for 'Crystal' improved when the light extinction coefficient increased from 0.30 to 0.45. A lower extinction coefficient could result in more radiation reaching to the ground especially in wider rows. An increase in the extinction coefficient improved predictability (R 2 ) of fractional interception in narrow and wide rows of mungbean to 83% from less than 50% [24] . Differences in extinction coefficients leading to better prediction of light interception and dry matter for 'Crystal' indirectly suggests that plants of 'Crystal' may retain greater leaf area during grain fill than earlier varieties. This would provide major advantages and could explain much of the yield improvements measured for 'Crystal' mungbeans over earlier varieties. [24] . Biomass accumulation is a function of LAI, light extinction coefficient, the duration of light interception, and radiation use efficiency (RUE). Increasing plant density (plants/m 2 ) increases in leaf area and hence crop biomass. However, too great a leaf area may prove disadvantageous during later stages of crop growth as it could lead to water deficit. Hence, the concept of an optimum plant population arises [47] .
Another opportunity to increase biomass is to improve light distribution within the canopy. The light extinction coefficients used in the APSIM model for mungbean vary between 0.30 and 0.58 for 100 to 20 cm row spacing respectively [9, 31] . The light extinction coefficient for the mungbean cultivar 'Crystal' may exceed these figures since its yield advantages over previous mungbean cultivars appears due to more vigorous growth. This was highlighted by an under prediction of dry matter for a 'Crystal' crop ( Figure 5 ) when using the original extinction coefficients derived from older cultivars parametrised in the APSIM model. Prediction of dry matter for 'Crystal' improved when the light extinction coefficient increased from 0.30 to 0.45. A lower extinction coefficient could result in more radiation reaching to the ground especially in wider rows. An increase in the extinction coefficient improved predictability (R 2 ) of fractional interception in narrow and wide rows of mungbean to 83% from less than 50% [24] . Differences in extinction coefficients leading to better prediction of light interception and dry matter for 'Crystal' indirectly suggests that plants of 'Crystal' may retain greater leaf area during grain fill than earlier varieties. This would provide major advantages and could explain much of the yield improvements measured for 'Crystal' mungbeans over earlier varieties.
With a trend to plant mungbean in narrower rows, there remains an increasing need to identify target light extinction coefficients that improve light distribution within a canopy. Lee, Lee, Kim, Yoon, Bak, Park, Bang, Moon, Oh, and Min [40] suggested that a mungbean cultivar with narrow leaves with a greater penetration of light into the canopy might produce higher yields. Exploiting variation in the light extinction coefficient that results from variations in leaf morphology and row spacing could be a focus for future physiological research in mungbean. Another potential avenue to increase dry matter is through improvement in the radiation use efficiency (RUE). The RUE of 0.94 g/MJ in mungbean was comparable to that of soybean and cowpea, and this baseline RUE was unaffected by soil moisture [24, 49] . The relative similarity in RUE with other tropical legumes, and the stability of baseline RUE across environments, suggests that relatively low dry matter production in mungbean is unlikely to be due to low RUE, but possibly due to the With a trend to plant mungbean in narrower rows, there remains an increasing need to identify target light extinction coefficients that improve light distribution within a canopy. Lee, Lee, Kim, Yoon, Bak, Park, Bang, Moon, Oh, and Min [40] suggested that a mungbean cultivar with narrow leaves with a greater penetration of light into the canopy might produce higher yields. Exploiting variation in the light extinction coefficient that results from variations in leaf morphology and row spacing could be a focus for future physiological research in mungbean.
Another potential avenue to increase dry matter is through improvement in the radiation use efficiency (RUE). The RUE of 0.94 g/MJ in mungbean was comparable to that of soybean and cowpea, and this baseline RUE was unaffected by soil moisture [24, 49] . The relative similarity in RUE with other tropical legumes, and the stability of baseline RUE across environments, suggests that relatively low dry matter production in mungbean is unlikely to be due to low RUE, but possibly due to the shorter duration of this crop. There could be some scope for improving RUE by improving leaf photosynthetic capacity. However, given the experience in other tropical legumes, this opportunity is likely to be limited [50] . Therefore, the best chances to increase biomass production in mungbean could be by ensuring the earlier attainment of a critical LAI of 3-4 [42] , increasing crop duration and/or developing cultivars with smaller leaflets that allow better light distribution within the mungbean canopy.
Irrespective of the strategy used for increasing biomass, resultant increases in yield will still likely vary substantially. This is because dry matter production in mungbean is a function of water use and availability, which is often very variable [51] . Increasing biomass to increase grain yield is likely to be a more successful strategy in more favourable moisture environments. Stress due to lack of water at the soil surface hastens crop maturity in mungbean and restricts leaf area development, leaf expansion, and stem branching, while leaf senescence increases. Developing mungbean plants with a root system that is able to draw more moisture from the soil could help reduce this extreme phenological and morphological sensitivity to water stress situations [52] .
Biomass Partitioning
Harvest index represents the efficiency of biomass partitioning into yield, and is the ratio between yield and the total above ground biomass. Harvest index for mungbean is around 0.3 [9, 53, 54] . This is low compared to about 0.5 in soybean and peanuts. In soybean and peanuts, a deliberate selection for biomass partitioning to yield has apparently contributed to the development of higher yield potential [41, [55] [56] [57] . In mungbean, attempts to increase HI have not been successful despite being recognised to be a significant limitation to achieving high grain yield [7, 50] . Harvest index needs to be a major target for improvement in crops where it is less than 0.5 [58] . The notion that yield-based selection will indirectly select for increased HI may not necessarily be true. Longer crop durations or better canopy development rather than HI may instead drive increases in yield achieved due to increased dry matter production in yield based selection.
The relatively low HI in mungbean suggests there may be considerable scope for improvement [59] . The crop's phenology interacts with growth habit to determine crop duration in influencing dry matter partitioning [60] . Cultivars with a determinate growth habit could partition dry matter into yield more efficiently than indeterminate cultivars, especially in terminal drought situations [46] . Under extended crop duration, flowering in mungbean is less synchronous. The lack of flowering synchrony in mungbean, resulting from day length being longer than the critical photoperiod, is the key contributor to low HI. This also leads to the formation of multiple flushes of flowers [9] . The critical photoperiod for efficient partitioning could be different compared to that for flowering. An effective way to maximise HI could be to choose an appropriate planting time that ensures a crop grows at photoperiods below its critical photoperiod to allow rapid ontogenetic development [61] .
Lack of flowering synchrony can arise not only as a result of photo-thermal sensitivity in dry matter partitioning [54] , but also from soil moisture conditions [9] . It appears mungbean may not possess the required traits that dictate a strong commitment to drawing down nitrogen from vegetative tissues and putting it into seed, especially under high soil moisture conditions [54] . This tendency is more strongly expressed when day length is longer than the critical photoperiod. In a monsoonal tropical environment, where photoperiod may be less than that required to increase flowering synchrony, dry matter partitioning into yield may still be poor due to soil high moisture levels that encourage greater vegetative growth [62] . We need to understand how soil moisture contributes to the lack of flowering synchrony in mungbean and its possible mitigation, as this trait is not very prominent in soybean-a closely related legume.
There are differences in the timing of accumulation and remobilisation of photo-assimilates in mungbean. Cultivated types tend to depend more on current photosynthesis during the reproductive stage while reserving assimilates accumulated before flowering for the second flush [54] . In contrast, landrace cultivars tend to remobilise dry matter and N reserves accumulated before flowering and tend to exhaust much of N in the leaves before the active pod-filling period. It is possible that a combination of the two traits will be required to maximise yield from the first flush of pods and ensure that most of the leaves senesce by maturity. It is unknown whether differences in the remobilisation of assimilates occur in response to differential photo-thermal sensitivity [41] .
Photo-thermal sensitivity is the key source of G × E interactions in mungbean. This can contribute three times more variation in grain yield compared to genotype alone [63] . This sensitivity contributes to the specific adaptation of mungbean cultivars [64, 65] and their wild relatives at different latitudes [34, 66] . Variation in photo-thermal sensitivity can be exploited to increase HI in mungbean. A few relevant ideas obtained on other legume crops (as described below) could also possibly be applied to mungbean.
Grain yield for legumes is the product of optimum flowering time to ensure complete canopy development and a higher HI. Photo-thermal sensitivity can affect both traits. In soybean and mungbean, long photoperiods are known to reduce HI, even in cultivars that are supposedly insensitive to time to flowering [38, 67] . In peanut also, where flowering is insensitive to photoperiod, extended day lengths can reduce HI [68] .
It appears that tropical legumes have improved dry matter partitioning to grain when they are moved from higher latitudes of adaptation to lower latitudes [50] . These legumes respond similarly in late sowings that experience more inductive day length, whereas the effect of inductive photoperiod on biomass accumulation is the opposite of HI. Chauhan, et al. [69] found that short-duration pigeonpea (Cajanus cajan) cultivars adapted to sub-tropical environments at 29.1 • N latitudes when grown at lower at 17.3 • N latitude resulted in an over 35% improvement in HI. There was a small reduction in crop duration, and hence the total dry matter, but the increase in HI more than offset the decline in dry matter. This work led to a short duration cultivar developed for sub-tropical environments being released for cultivation in tropical environments, although initially developed for sub-tropical environments [70] .
This transition of a crop towards tropical latitudes from its zone of adaption appears to work well when the shortening of crop duration and reductions in dry matter production are relatively minor relative to increases in HI. However, when a transition leads to significant decline in crop duration, reduced grain yields invariably result. This is mainly due to flowering occurring too rapidly and plants failing to accumulate enough dry matter to support grain [50] . Indeed in pigeonpea, Chauhan, et al. [71] found that when lines selected for the temperate environment of Minnesota (45 • N), USA were grown at Patancheru (17.3 • N) in India along with local cultivars, their grain yields declined significantly due to the shortening of their crop durations. Some temperate adapted lines, however, gave higher yields compared to local cultivars with a protracted crop duration of 10 to 15 days achieved using artificial day length extension. Day lengths were adjusted on a weekly basis was to mimic a 45 • N day length before the September equinox. In this experiment, lines adapted to temperate environments partitioned more dry matter into yield under extended day length compared to the tropically-adapted lines.
A similar example of a successful transition from temperate to tropics is that for soybean lines introduced in Southern Queensland (25 to 27 • S) Australia from the mid-west (40 • N) of the USA [72, 73] . Initially, these US-bred lines performed poorly in the Australian sub-tropics. When grown under extended day lengths, yields of these lines increased from 4.9 to 6.1 t/ha in the Australian subtropical environment. Exposure to an extended photoperiod delayed maturity of these lines by about 10 days. Subsequently, crosses of these exotic cultivars with a cultivar having a long juvenile phase led to extension of crop duration similar to an artificial photoperiod extension. This increased both plant growth as well as grain yield [73] .
We know that tropical legumes, including mungbean and its wild relatives adapted to sub-tropical or temperate latitudes, are relatively less photoperiod sensitive than some tropically adapted crops [66, [74] [75] [76] . Not only they are less photoperiod sensitive, their basic vegetative phase is also of shorter duration than in some crops [75] . These photo-insensitive plants are primed to partition more dry matter into yield under long days compared to sensitive cultivars adapted to tropical latitudes. This ensures that they produce seed before temperatures and day length becomes too low to support their growth. The cultivation of temperate-adapted cultivars at lower latitudes with similar levels of photoperiod sensitivity as they exhibit at higher latitudes enables these plants to more efficiently partition dry matter into yield. In this respect, their performance could even surpass plants of the same cultivar that have not experienced longer days at higher latitudes. This could reflect the epigenetic modification of photoperiod and partitioning genes through DNA methylation. Takeno [77] suggested that the DNA methylation could regulate expression of photoperiodic flowering genes and some of the effects could be heritable. It is possible that seed from plants retains an 'epigenetic memory' of the longer day lengths of higher latitudes to maximise the chances of seed production in the next season, even when they experience shorter days. There is a need to test this hypothesis and ascertain whether a change from higher to lower latitude could overcome physiological barriers to high HI. If so, it would be useful to identify the mechanism involved so that it could be exploited.
The production of multiple flushes of pods in mungbean may be a remnant trait carried over in mungbeans evolution from subsistence agriculture in the tropics with monsoonal climate [54] . This could also reflect poor dry matter partitioning into yield [9] . Mid-season moisture stress followed by recovery during first flush of flowering may also lead to the formation of multiple flushes in mungbean following an increase in leaf area [9] . The development of mungbean cultivars that maximise pod production from the first flush of flowers under non-limiting moisture conditions may be desirable to make a crop of relatively fixed duration that is unaffected by soil moisture status or photo-thermal sensitivity in partitioning. Such a 'season-bound' crop would improve the predictability of its cropping period.
One approach to achieving formation of only a single flush could be to synchronise pod set during the first flush of flowers [50] . However, pod synchrony resulting from the earliest formed flowers of the first flush was found to be negatively associated with yield in mungbean [78] . This probably reduced the amount of assimilate build up for further growth. Flower shedding in mungbean has been found to result from competition for assimilate from roots which also grow rapidly at the same time as flowering commences [79] . It may, therefore, be better not to convert the earliest formed flowers into pods as they may contribute to shedding of later formed flowers [53, 79] . This view is supported by the fact that occasionally the lack of pod formation from the initially formed flowers due to insect pressure can result in a compensatory flush with resulting higher grain yield [80] . In chickpea, where little flower drop is observed, the earliest formed flowers are always sterile and therefore known as pseudo flowers [81] . In some pigeonpea derivatives of crosses with wild relatives, long photoperiods were found to induce sterility of early formed flowers, which became fertile to set pods synchronously when day length became shorter than the critical photoperiod [82] . Hence the possibility of delaying pod set by a certain number of days to achieve greater pod synchrony and yield could be investigated in mungbean, and if found to be beneficial, should be incorporated into new cultivars to maximise grain yield.
Genotype × Environment Interactions
The above discussion suggests that the environment has a strong influence on many mungbean traits including flowering time, dry matter production, and partitioning. The impact of main effects of environment (E) and the interactions on yield of genotypes (G) can be summarised through the classical equation
Analysis of international mungbean trials suggested the presence of strong G × E interactions [83] , some of which were related to physiological traits including time to flowering and maturity. Time to flowering in mungbean was subject to both genetic [84] , and environmental control [36] . The photo-thermal control on flowering time has been extensively modelled [31, 36] . It should therefore not be difficult to overcome negative G × E interactions by appropriate matching of phenology to the environment if flowering time is the main contributor of such interactions.
Since there is only small variation in time to flowering among mungbean cultivars currently available to Australian growers, it is unlikely to be a significant contributor to G × E interactions in yield trials conducted in Australia that use these cultivars or their progenies. Indeed, a dataset analysed from some mungbean varietal trials suggested that there may not be significant changes in cultivar rankings in yield performance across several Australian environments [48] . This was well supported by model simulations (Figure 6 ). However, it is possible that with the growth of mungbean industry, breeders will start to widen specific adaptation to different environments including improving tolerances to drought, high temperature, and sub-soil constraints. Chauhan and Rachaputi [37] have characterised mungbean-growing environments of northern New South Wales and Queensland with respect to drought. This could assist in identifying widely and specifically adapted cultivars of mungbean. cultivar rankings in yield performance across several Australian environments [48] . This was well supported by model simulations (Figure 6 ). However, it is possible that with the growth of mungbean industry, breeders will start to widen specific adaptation to different environments including improving tolerances to drought, high temperature, and sub-soil constraints. Chauhan and Rachaputi [37] have characterised mungbean-growing environments of northern New South Wales and Queensland with respect to drought. This could assist in identifying widely and specifically adapted cultivars of mungbean. 
Growing Environments of Northern Australia-Main Features
In the preceding section, it was mentioned that the growing environment has a profound influence on dry matter production and its partitioning into yield in mungbean. Environment was shown to account for over 70% of the variation in yield in international mungbean trials [85] . Knowledge of the key environmental attributes controlling yield, therefore, is essential to progress consistent and reliable yield improvements in mungbean. Lawn and Imrie [12] also emphasised the need to characterise the Australian target population of environments for mungbean to help prioritise research areas.
Chauhan and Rachaputi [37] characterised mungbean growing environments using the APSIM mungbean model. They used a time series of percentile ranks of long-term APSIM simulated yield to define agro-ecological regions. Using the model, mungbean growing areas could be subdivided into seven agro-ecological regions. With further application of the model to simulate supply demand ratio-a measure of drought intensity, the type of drought environments and their frequencies were deduced for each region. Similarly, average temperatures were extracted during different stages of the crop growth from the same output. The application of the model in this manner produced an idea of types and frequencies of drought and thermal regimes for mungbean in Australia. This modelling application has allowed identification of agro-ecological regions that are homogeneous with respect to these constraints. This approach has also been previously used to characterise sorghum growing environments in Australia [86] .
Chauhan and Rachaputi [37] also found that there are four types of drought environments that mungbean experiences in the northern region ( Figure 7A ). These included a no stress type occurring in 33% of seasons, a mid-season stress type occurring in 17.1%, a moderate terminal stress type occurring in 24.9%, and a severe terminal stress type occurring in 25%. The detrimental effects of terminal drought on mungbean growth tends to start well before flowering, and may affect canopy development. In some years, mid-season drought may encourage the formation of a second flush of 
Chauhan and Rachaputi [37] also found that there are four types of drought environments that mungbean experiences in the northern region ( Figure 7A ). These included a no stress type occurring in 33% of seasons, a mid-season stress type occurring in 17.1%, a moderate terminal stress type occurring in 24.9%, and a severe terminal stress type occurring in 25%. The detrimental effects of terminal drought on mungbean growth tends to start well before flowering, and may affect canopy development. In some years, mid-season drought may encourage the formation of a second flush of flowers due to improvement in soil moisture status in the later part of the reproductive phase [9] . However, in such years, this later second flush of flowers and resultant pods is at greater risk of weather damage and potentially large reductions in mungbean seed quality [87] . However, in such years, this later second flush of flowers and resultant pods is at greater risk of weather damage and potentially large reductions in mungbean seed quality [87] . The optimum temperature for mungbean growth is 28 to 30 °C [88] and although the crop has a base temperature of around 7.5 °C, it requires average soil temperatures of >15 °C for effective germination. Mungbean does not tolerate high temperatures above 40 °C during the reproductive stage with major reduction in pollen viability [89] .
There are five types of thermal environments that mungbean experiences in the northern grains region in Australia ( Figure 7B ). These thermal environments were average ambient temperature for each 100 °C d during crop growth-as for drought [37] . In most situations, average temperatures remained less than the optimum, but trends differ. In some cases, temperatures started and increased during crop growth and development. In other cases, temperatures decreased during crop growth.
A key finding of this work was that agro-ecological regions defined using the percentile ranks of yield [37] tended to have similar frequencies of drought and thermal regimes within their locations. Hence, cultivars tested at different locations within an agro-ecological region would experience similar thermal regimes. As all locations within particular agro-ecological regions were geographically contiguous, they will also experience similar photoperiods. The partitioning of variation in yield according agro-ecological regions should reduce G × E interactions. Thus, this approach could rationalise testing sites depending upon whether the primary breeding objective was to select specifically or widely adapted cultivars.
Given that the Australian mungbean industry is relatively small compared to that for other grains, and hence cannot afford to maintain and produce seed of a large number of cultivars, the development of widely adapted cultivars is likely to be a preferred goal for breeders into the future. The development of widely adapted cultivars will require testing in at least one location of each agroecological region to enable the sampling of the greatest range of the target population of environments. One of the advantages of environment characterisation is that it gives scope to identify The optimum temperature for mungbean growth is 28 to 30 • C [88] and although the crop has a base temperature of around 7.5 • C, it requires average soil temperatures of >15 • C for effective germination. Mungbean does not tolerate high temperatures above 40 • C during the reproductive stage with major reduction in pollen viability [89] .
There are five types of thermal environments that mungbean experiences in the northern grains region in Australia ( Figure 7B ). These thermal environments were average ambient temperature for each 100 • C d during crop growth-as for drought [37] . In most situations, average temperatures remained less than the optimum, but trends differ. In some cases, temperatures started and increased during crop growth and development. In other cases, temperatures decreased during crop growth.
Given that the Australian mungbean industry is relatively small compared to that for other grains, and hence cannot afford to maintain and produce seed of a large number of cultivars, the development of widely adapted cultivars is likely to be a preferred goal for breeders into the future. The development of widely adapted cultivars will require testing in at least one location of each agro-ecological region to enable the sampling of the greatest range of the target population of environments. One of the advantages of environment characterisation is that it gives scope to identify and create managed stresses similar to those that exist in nature e.g., drought or heat [90] . This also allows the definition of 'adaptation domains' for newly developed cultivars.
The agro-ecological regions defined by Chauhan and Rachaputi [37] are based on climate data from the past 113 years. The averages of drought and thermal regimes using this approach even out extremes and do not show the effect of climate change. However, a consistent trend in movement for percentile rank above or below the lowest rank over a period could indicate if climate change is occurring in a particular region. Such information will be useful for setting crop improvement priorities for different agro-ecological regions under the scenario of a changing climate.
Agronomic Innovations in Mungbean Production
In developing countries, most mungbean production is by smallholder farmers, who can get consistent yields by hand-harvesting multiple flushes of pods. This type of production, however, is unsuitable for intensive production systems in Australia where cultivation is highly mechanised. Here, mungbean is grown in wider rows of about 100 cm. Rachaputi, Chauhan, Douglas, Martin, Krosch, Agius, and King [24] using field experiments and modelling projections showed mungbean planted at narrower row spacing of 50 cm produced higher yields than mungbeans sown in wide rows for 95% of the seasons in different locations (Figure 8) . A key advantage of this arrangement is that planting in narrow rows reduces evaporative soil losses, but increases overall water use through transpiration and therefore, water use efficiency. , and Kingaroy (KRS). Yields were simulated for rain-fed crop using site-specific soil properties and historical climate data over 123 years [24] .
Conclusions and Future Research Directions
Conventional plant breeding and innovative agronomic research in Australia has transformed mungbean from a small crop used in subsistence agriculture to a highly profitable, broad-scale grain crop ideally suited for mechanised production. New cultivars such as 'Crystal', 'Satin II', and 'Jade-AU' have increased productivity and grower confidence in the crop.
Future challenges remain to further enhancing yield and reliability in mungbean and to support expansion into new production areas currently marginal for its production. This will require strategic research in breeding and agronomy. Several significant research initiatives have been highlighted in this review. For example, the production of multiple flushes of pods may be a useful trait in subsistence agriculture, however, this trait creates more problems than advantages in mechanised farming. The production of multiple flushes of flowers and pods can be reduced by increasing harvest index, which should also enhance grain yield and stability in mungbean. Yield increases achieved using dry matter traits alone are more prone to variability from frequent fluctuations in water Figure 8 . Cumulative probability of simulated yield distributions for the mungbean cultivar 'Crystal' at different row and starting moistures across four sites. Planting at 50% total plant-available water holding capacity (PAWC) in wide rows (1 m) is shown with thin continuous lines, and narrow rows (0.5 m) with thin dash lines, or at 100% PAWC with wide (thick continuous lines) and narrow rows (thick dash lines). The four sites are Biloela (BRS), Emerald (ERS), Hermitage (HRS), and Kingaroy (KRS). Yields were simulated for rain-fed crop using site-specific soil properties and historical climate data over 123 years [24] .
Another avenue to increase mungbean yields in mechanised production is to increase plant population. Given mungbean is a short-statured and short duration plant its response to plant population is expected to be substantial. However, response to changes in plant density have been shown to be dependent on the choice of cultivar [43, 62] . Varietal differences in response to plant population in mungbean were also reported by [91] . It is possible that in 'responsive cultivars', main stems contribute relatively more to grain yield than branches. While branching is an important trait for crop plasticity in mungbean, limiting the number of branches may be necessary to maximise yield under closer planting.
Another innovation towards improving mungbean production in Australia is its larger-scale cultivation as a spring season crop [8] . One of the advantages of spring planting is that the mungbean crop produces considerably more dry matter. A major limitation of spring sowing, however, is that the crop matures when temperatures become very high and day length is increasing, thereby affecting reproductive development. In most cases, this will lead to a poor first flush of pods and the formation of higher proportion of second flush pods. To make spring mungbean a more viable crop option, we need to identify traits that make it more productive in the spring season. Heat tolerance is one such obvious trait [92] . Growing mungbean as a spring crop is becoming common in Asia [93] and could be further encouraged in Australia as well. This could ensure greater consistency of seed supplies to markets as well as greater flexibility in growing mungbean over different summer months.
Future challenges remain to further enhancing yield and reliability in mungbean and to support expansion into new production areas currently marginal for its production. This will require strategic research in breeding and agronomy. Several significant research initiatives have been highlighted in this review. For example, the production of multiple flushes of pods may be a useful trait in subsistence agriculture, however, this trait creates more problems than advantages in mechanised farming. The production of multiple flushes of flowers and pods can be reduced by increasing harvest index, which should also enhance grain yield and stability in mungbean. Yield increases achieved using dry matter traits alone are more prone to variability from frequent fluctuations in water availability.
In addition, we should test new cultivars in managed or natural stress environments that closely represent the target population of environments. Environmental characterisation undertaken in this crop should assist in achieving this objective, as well as determining the adaptation domain of new cultivars. These approaches could lead to the development of cultivars with well-defined physiological traits for adapting to the target population of environments. In this review, we have not discussed strategies that may be required to develop cultivars that are more resistant of abiotic stresses. However, the principles of environment characterisation for mungbean discussed here could assist in identifying risk profiles and setting research priorities for different abiotic stresses.
